This paper studies an automatic carrier landing control problem of fixed-wing aircraft with system uncertainties under the airwake and deck motion disturbances. A robust preview control scheme and an autoregressive (AR) model prediction scheme are originally applied to the automatic carrier landing system (ACLS). The AR model is used to predict the deck motion, which corrects the reference glide slope for relative motion compensation. A novel robust preview control scheme based on the linear matrix inequality (LMI) is proposed for the uncertain nonlinear systems with external disturbances, to make the aircraft track the corrected reference glide slope and reject the airwake disturbance. Simulation results exhibit the better carrier landing performance of the robust preview control scheme than the PID control and robust control schemes.
I. INTRODUCTION
Automatic carrier landing is an important issue in the field of the carrier-based aircraft [1] - [3] . In recent years, the maritime augmented guidance with integrated controls for carrier approach and recovery precision enabling technologies (MAGIC CARPET) were developed and practically used in the manned carrier-based aircraft of US Navy [4] . Autolanding problems can be expressed as that, the trajectory is required to precisely track a reference glide slope and finally let the aircraft land on a small-size flight deck with 6-DOF motions, under the airwake disturbance caused by the complex marine environment and the aircraft carrier movement. Meanwhile, the aircraft under the harsh marine environment in the landing phase is characterized by nonlinearity, multivariable coupling and uncertainty, which makes it difficult to be controlled with accuracy.
Some kinds of automatic carrier landing system have been developed for guiding and controlling of aircrafts. The conventional ACLSs mainly used the PID control method, with the attitude control loop and speed control loop being the The associate editor coordinating the review of this manuscript and approving it for publication was Roberto Sacile. inner loops and the trajectory control loop being the outer loop [5] . Although the PID control is intuitive and proficient to implement, it is not always effective to deal with high performance requirements under the complex marine environment. Nowadays, the applications of some advanced control methods in flight control area have made great progress. Robust controllers which utilized H ∞ technique were developed to improve the robustness of ACLSs [6] - [8] . References [9] - [10] developed a fuzzy logic based ACLS for the F/A-18 aircraft, which exhibited a significant benefit in control performance. Steinberg and Paget [11] compared the neural network control, fuzzy logic control, evolutionary control and adaptive control schemes for the carrier auto-landing of aircraft. Reed and Stecky [12] designed an adaptive carrier landing control scheme for a fixed-wing NAVAIR ExJet aircraft model, which integrated the optimal control modification, adaptive bias corrector, and local linear model compensation. However, these nonlinear control schemes are difficult to be realized in practice, due to the complexity of controllers. Linearization-based control strategies have been widely applied in the practical flight control systems. The preview control is a kind of linearization-based modern control methods which is suitable for systems with VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ previewable reference signals [13] - [15] . Jiang and Zhen [16] and Zhen et al. [18] studied some preview control schemes to solve the carrier auto-landing control problem of aircraft. The main advantage of preview control is that it can fuse the previewable reference glide slope and predictive deck motion information, so as to improve the carrier landing precision.
In order to design an efficient ACLS to accuratly track the gliding path with various uncertainties and disturbances, the robust control and the preview control methods are combined for a fixed-wing aircraft. This proposed robust preview control scheme can absorb the accuracy of preview control as well as the robustness of robust control. Different from the results in the literature, the main contributions are as follows:
A. A NOVEL ROBUST PREVIEW CONTROL METHOD IS PROPOSED FOR THE TRACKING CONTROL PROBLEM OF UNCERTAIN NONLINEAR MULTIVARIABLE SYSTEM
Few literature combines the preview control and robust control methods. Hazell and Limebeer [19] presented an efficient numerical solution to an output feedback H ∞ preview control problem. Kojima [20] solved a H ∞ preview control problem of systems with time-delay based on the Riccati equations. Li and Liao [21] proposed a static output feedback preview tracking control algorithm, by combining parameter-dependent Lyapunov method with LMI technique. Han et al. [22] designed a data-driven robust preview control scheme based on the mixed linear quadratic (LQ) and H ∞ criterions. Compared with References [19] - [22] , the proposed robust preview control scheme achieves smaller calculation, by avoiding the differential of time-varying coefficients and obtaining a more simplified augmented error system.
B. THE ROBUST PREVIEW CONTROL SCHEME IS ORIGINALLY APPLIED TO THE AUTOMATIC CARRIER LANDING PROBLEM WITH SYSTEM UNCERTAINTIES AND EXTERNAL DISTURBANCES
The traditional ACLSs based on the robust control [6] - [8] and nonlinear control schemes [9] - [12] rarely considered the deck motion compensation and airwake rejection. The preview control based ACLS [16] - [18] did not consider the system uncertainties. The proposed robust preview control method aims to improve the automatic carrier landing precision of aircraft with uncertainties induced by the deck motion prediction and airwake information.
C. A TIME SERIES AUTOREGRESSIVE (AR) MODEL IS INITIALLY USED TO DESIGN A PREDICTOR FOR DECK MOTION COMPENSATION
The AR model is a fittable model for stationary sequence and can predict the future information with the time series value. The deck motion is considered as a stationary stochastic process. Compared with the Kalman filter based predictors [23] and the particle filter based predictors [16] - [18] , the AR model based predictor only utilizes the historical data, hence it can avoid the difficulty of knowing the state space equation of deck motion. It is more practical for prediction of the randomly changed deck motion excited by the sea state.
The rest of this paper is organized as follows. In section II, the carrier auto-landing poblem is formulated, and the control ojective is described. Then an ACLS framework is developed in section III. A robust preview control algorithm is presented in section IV, and is applied in the control system design in section V. The simulations verify the carrier landing performance in section VI, and the conclusions are given in section VII.
II. PROBLEM FORMULATION
The carrier-based aircraft is a kind of typical nonlinear uncertain system, coupled with the airwake and deck motion disturbances, which makes it difficult to design a control system. The control problem of the aircraft can be transformed into an accurate tracking control of the multivariable coupling nonlinear system. Several key points need to be addressed as follows.
A. STABLE AND TRACKING CONTROL OF THE AIRCRAFT WITH SYSTEM UNCERTAINTIES AND EXTERNAL DISTURBANCES
The carrier-based aircraft is characterized by nonlinear multivariable coupling dynamics. Meanwhile, considering the difference between the theoretical model and the actual aircraft, there are structural and parameter uncertainties during the carrier landing process. In order to land safely and accurately, flight speed maintaining and the flight attitude stabilizing of aircraft are required. Moreover, the aircraft needs to track a three-dimension reference glide path under low-hydrodynamic pressure condition. Therefore, a flight control scheme with high precision and strong robustness is indispensible.
B. COMPENSATION OF THE DECK MOTION DISTURBANCE
During the process of carrier-based aircraft landing, the impact of deck motion on the touchdown point can not be ignored. The deck motion causes 6-DOF drifts of the ideal touchdown point which brings more difficulties to the carrier landing. The vertical deck movement mainly leads to the forward landing error, while the lateral deck movement leads to the lateral deviation. Therefore, in order to eliminate landing errors, the deck motion should be compensated, which is usually based on the predictive information of the deck motion. The deck motion is actually a stationary stochastic process, therefore, a prediction strategy which does not rely on the mathematical model of deck motion is necessary.
C. SUPPRESSION OF THE AIRWAKE DISTURBANCE
Due to the influence of marine environment and carrier movement, the carrier landing process is largely affected by the deck motion. Considering the requirement of small landing speed, the aircraft is influenced greatly by the airwake and easily deviate from the ideal landing trajectory. The airwake is normally very complex, including the random, steady, periodic components. As the airwake is measurable, it is benefitial for rejecting the airwake disturbance by utilizing this measurable information into the flight control subsystem.
III. ACLS FRAMEWORK
An ACLS framework based on robust preview control scheme for carrier-based aircraft is shown in Fig. 1 , which is composed of a landing command subsystem and an integrated guidance and control (IGC) subsystem.
A. LANDING COMMAND SUBSYSTEM
The landing command subsystem consists of a deck motion prediction module and a reference glide slope generation module.
1) DECK MOTION PREDICTION MODULE
A deck motion predictor is introduced to reduce or eliminate the carrier auto-landing errors, which is designed based on a time series AR model. By establishing the AR model, the historical data of deck motion are used to predict its future value. The calculation steps of AR predictor are given as follows:
1) Calculate the coefficients of AR model. The general form of AR model is
Here, {x(n), n = 1, 2, · · · , N } is the time series with known information of ship movement, N is the number of data for model establishment, and {ξ (n), n = 1, 2, · · · , N } is measurement error series. Besides, p is the order of the model and {a i , i = 1, 2, . . . , p} is the coefficients which will be estimated by modeling with N data.
2) Estimate AR model parameters. A Kalman filter is used to estimate the AR model parameters. A state space equation for AR model parameters estimation is given by
where
and ε(t) are white noise sequences independent of each other, and A(t) = ( a 1 , a 2 , · · · , a p ) T . Let Q(t), R(t) be the variances of v(t) and ε(t) respectively, p = 1, 2, · · · , M and t = p + 1, 2, · · · , N . The calculations of Kalman filter based model parameters prediction including: 2.1) Optimal prediction error covariance matrix
2.2) Optimal gain matrix
2.3) Kalman optimal filter matrix
2.4) Optimal filtering error covariance matrix
3) Calculate the order of the model by using the Akaike information criterion (AIC). The residual sum of squares of the prediction model S p (N ) and the AIC function I (p) are described by
Then I ( p) = min{I (p), p = 1, 2, . . . , M }, and p is the order of the AR predictor. 4) Obtain the prediction of deck motion. The prediction of deck motion at step l is given by
The deck motion is usually taken into consideration at about 12.5 seconds before touchdown on the flight deck. The deck motion prediction information is used to correct the reference glide path, to compensate the deck motion disturbance. The corrected reference glide slope is actually a future information, which can be fused by the preview control scheme to improve the response speed and tracking precision. Calculation details are given in [16] - [18] .
B. INTEGRATED GUIDANCE AND CONTROL SUBSYSTEM
The IGC subsystem consists of robust preview control scheme based longitudinal and lateral controllers.
1) NONLINEAR AIRCRAFT MODEL
A 6-DOF dynamics model of carrier-based aircraft is composed of force equations, moment equations, kinematic equations, and navigation equations, which is generally expressed as [24] 
where x = (V , α, β, φ, θ, ψ, p, q, r, X , Y , H ) T is the state vector, denoting the airspeed, attack angle and sideslip angle, pitch, roll and yaw angles and rates and spatial location, respectively; u = (δ e , δ T , δ a , δ r ) T is the control input vector, denoting the elevator deflection, throttle opening, aileron deflection and rudder deflection angles, respectively.
2) CONTROL OBJECTIVE
For the carrier-based aircraft, the aerodynamical uncertainty and the airwake disturbance are taken into consideration.
The aircraft needs to maintain the stability of flight speed V and the flight attitudes (φ, θ, ψ, p, q, r) by deflecting several actuators (δ e , δ T , δ a , δ r ), and finally achieve an accurate tracking of the corrected reference glide slope (Y c , H c ). A longitudinal controller will be designed to track the altitude command, while a lateral controller will be designed to eliminate the lateral deviation.
3) CONTROL SCHEME ACTIVIATION
The flight control scheme should have accurate path tracking performance and strong robustness to realize a successful carrier auto-landing, when there are system uncertainties and external disturbances. Preview control scheme combines the feedforward control loop and feedback control loop. The feedback loop guarantees the system's stability, while the feedforward loop provides fast and accurate control by fusing the previewable information. Based on the nominal preview control scheme, a robust control scheme is integrated to construct a robust preview control method, which makes the flight control system more robust to the system uncertainties. The proposed robust preview control scheme is designed based on the linearized discrete-time model. In order to simplify the design process, the IGC system is devided into the longitudinal and lateral controllers.
IV. ROBUST PREVIEW CONTROL SCHEME DESIGN
In this section, a solution to the robust preview control problem of uncertain nonlinear multivariable system is derived.
A. PROBLEM FORMULATION AND PREKNOWLEDGE
Consider the uncertain discrete-time system
where x(k) ∈ R n is the state vector, u(k) ∈ R m is the intput vector, y(k) ∈ R q is the output vector, w(k) ∈ R l is the disturbance vector.
and C are known constant matrices, while A, B u and B w are uncertain matrices. We first make the following assumptions. Assumption 1: A, B w , B u are radial matrix functions of the uncertain matrices i , (i = 1, 2, 3), that is, there exists known normal real matrices
The following lemmas are given for the derivation of the controller below.
Lemma 1: For a stable discrete system
if and only if there exists a symmetric matrix X > 0 such that
Lemma 2 [21] : Let A be an arbitrarily given square, then P > 0 and A T PA − P < 0 is equivalent to
Lemma 3 [25] : Let = diag( 1 , 2 , . . . , n ) be uncertain matrices that satisfy T i i < I , i = 1, 2, . . . , n. Then, for arbitrary positive scalars 1 2 , . . . , n , there exists
. . , n I ), E and F are constant matrices.
B. ROBUST PREVIEW CONTROL DESIGN AND ANALYSIS
The proposed robust preview control scheme combines a nominal preview controller with a robust controller.
1) NOMINAL PREVIEW CONTROLLER
Assuming that there are no uncertainties in system (9), the controlled system and an N -step delay line can be augmented to be a generalized plant system P, given by
where x t (k) is the state vector of the N -step delay line, which stores the future information; r(k) ∈ R r is the previewable reference input vector; p(k) is the control output, e(k) is the output error, and A eb , A t , B t , C t are matrices with appropriate dimensions, and
. . .
Let x p = [x T , p T , x T t ] T be the state vector of plant P, y p = [(W 1 e) T , (W 2 u) T ] T be the output of plant P and the constant gain matrices W 1 and W 2 be adjustable weight matrices, w p =
and the generalized plant P has a realization:
According to [17] , a nominal preview controller of system P is given by
where F g is the feedback control matrix, F r (j) is the feedforward compensation matrix of the previewable reference signals for j = 0, 1..., N , F w is the feedforward compensation matrix of unpredictable disturbances, and
where X gg is a solution to a DARE:
2) ROBUST PREVIEW CONTROLLER Consider the uncertainties in system (9), another generalized system is given by
. According to Assumption 1, we can obtain
A robust preview controller is designed on the basis of the nominal preview controller, as given in the following theorem. Theorem 1: Suppose that Assumption 1 is satisfied, for the uncertain discrete system (18) , there exists a robust control law u p = K 1 x p , such that the robust preview controller
makes the closed-loop system be asymptotically stable and have strong robustness, if and only if there exists a matrix M = M T > 0 and a matrix Y , such that K 1 = YM −1 , and for any scalars i > 0, i = 1, 2, 3, we can obtain ϒ as following
Proof: Based on the nominal preview controller (15) , the robust preview controller can be expressed as
where K 1 = [F x F r ], and K 2 = [F t F w ]. Substituting (22) into (18), the closed-loop system is tranformed into
where A * = A p + B p2 K 1 , and B * = B p1 + B p2 K 2 . According to Lemma 1, the closed-loop system (23) is asymptotically stable, if and only if there is a matrix P = P T > 0, such that
According to Lemma 2, we can further get
Separating the uncertainties from , we get
where contains no uncertainty, and the value of , E, and F is given in (27)-(30) shown at the bottom of this page. Applying Lemma 3 to (26), for i > 0, i = 1, 2, 3, = diag{ 1 I , 2 I , 3 I }, we obtain
According to Lemma 2, it follows that
By respectively left and right multiplying the matrix
on the two sides of (32) to perform a congruence transformation, inequation (21) can be obtained, where M = P −1 , Y = K 1 P −1 . Therefore, Theorem 1 holds.
V. IGC SUBSYSTEM DESIGN
The IGC subsystem of aircraft consists of a longitudinal controller and a lateral controller, both of which will be designed based on the robust preview scheme.
A. LONGITUDINAL CONTROLLER DESIGN
The longitudinal controller is designed to ensure that the aircraft will smoothly track the height commands.
A linearized longitudinal aircraft model is expressed as 
According to Theorem 1, the robust preview control scheme based longitudinal controller is designed as
where F glon , F rlon and F wlon can be calulated according to (16) , and M lon , Y lon are solutions to a set of LMI (21).
B. LATERAL CONTROLLER DESIGN
The lateral controller is designed to ensure that the aircraft can fly along the center line of the flight deck by adjusting the aileron and rudder deflections.
A linearized lateral aircraft model is expressed as
where x glat = [ β, p, r, φ, ψ, Y ] T , u lat = [ δ a , δ r ] T , and w lat is the lateral disturbance of airwake. A glat , B ulat and B wlat are uncertain matrices related to the aerodynamic parameter perturbations of the aircraft, which can be partitioned as A glat = E glat 1 F glat , B ulat = E ulat 2 F ulat , B wlat = E wlat 3 F wlat , and T i i ≤ I , i = 1, 2, 3.
The future information of lateral channel is the lateral deviation command Y c = 0. Then, the nominal state-space equations of lateral system can be given by
According to Theorem 1, the robust preview control scheme based lateral controller is designed as
where F glat , F wlat are calculated according to (16) , and M lat and Y lat are solutions to a set of LMI (21) .
VI. SIMULATION STUDY
The robust preview control scheme is applied to an F/A-18 nonlinear model to verify the performance of the carrier auto-landing, the control performance of which is verified by comparing with a traditional PID control method and a H 2 /H ∞ robust control method.
A. SIMULATION PARAMETERS AND CONDITIONS
A full-scale nonlinear mathematical model of the aircraft F/A-18 is established [17] . The aircraft is assumed to be under 10% aerodynamical perturbation. The initial position errors between the aircraft and the reference glide slope are assumed to be: In the simulation, the deck motion under the medium sea state (Rank 3) is considered at the final 12.5 s, while the airwake acts on the aircraft during the whole landing phase. An airwake disturbance model is defined in detail in MIL-F-878 5C. It consists of free air turbulence components, steady components and random components. The airwake along three axes in earth-fixed coordinate system is modeled in [26] . A 6-DOF deck motion is given by inputting the white noises to some transfer functions. The translational deck motions and angular deck motions under certain sea conditions are modeled by [27] .
The PID control scheme, robust control scheme and robust preview control scheme are respectively applied in the ACLS for carrier landing of aircraft, whose parameters are given in following:
1) The PID control based flight control subsystem consists of height channel, lateral deviation channel, pitch channel, yaw channel and roll channel, which is detailedly designed in [17] . In the height channel, 2) The H 2 /H ∞ robust control law is expressed as u = K r x, where K r is designed by LMI technique. Thus, the longitudinal and lateral gain matrices are given by 
3) The robust preview control based longitudinal and lateral controller parameters are respectively given by Fig. 8 shows the comparison results between AR model and Kalman filter for deck motion prediction. Figs. 9-12 show the responses of elevator deflection, throttle setting, aileron deflection and rudder deflection, respectively. Several points can be summarized as follows:
1) ROBUST PREVIEW CONTROL HAS A BETTER TRACKING CONTROL PERFORMANCE THAN PID CONTROL AND ROBUST CONTROL
Viewing from Figs. 2-3 , the maximum height tracking error of the robust preview control is smaller than that of PID control, and the maximum lateral deviations are about 1.007m, 0.938m and 0.813m, respectively. Meantime, the finally landing error of the robust preview control scheme achieves the smallest compared with the PID and robust control schemes. 
2) ROBUST PREVIEW CONTROL HAS STRONGER ROBUSTNESS THAN PID CONTROL AND ROBUST CONTROL UNDER PARAMETER UNCERTAINTY
Viewing from Figs. 4-7 , the velocity and attitudes responses of aircraft under the robust preview control scheme are more stable than those under the PID control and robust control schemes. Therefore, the robust preview control scheme achieves fastest responce and best disturbances rejection performance for the aicraft with aerodynamical perturbation and the airwake disturbance, compared with the PID and robust control methods.
3) THE AR MODEL HAS A BETTER DECK MOTION PREDICTION PERFORMANCE THAN THE KALMAN FILTER
Viewing from Fig. 8 , the AR deck motion predictor achieves more accurate performance in both phase and amplitude than the Kalman filter. It contributes to obtaining better deck Above all, the robust preview control scheme achieves much better glide path tracking, deck motion compensation and air-wake rejection performance than the PID control scheme and robust control scheme.
VII. CONCLUSION
In this paper, a novel robust preview control scheme and an AR model are originally applied in the ACLS for carrier auto-landing of the aircraft. The prediction information of deck motion and the measurable information of airwake are utilized by the robust preview control scheme, which compensate these environmental disturbances. It contributes to the carrier auto-landing precision. Simulation results of a nonlinear aircraft model exhibit that the robust preview control achieves highest accuracy and strongest robustness in glide path tracking, when comparing with the PID control and robust control schemes.
It should be mentioned that the robust preview control method is based on the linearization-based design strategy, which is feasible for the practical applications. However, the adaptivity performance of the robust preview control based ACLS needs to be improved. Therefore, the combinations of preview control with adaptive control or even intelligent control schemes are worth studying in the future work.
